The binding of the purified poliovirus RNA-dependent RNA polymerase to viral and nonviral RNAs was studied using a protein-RNA nitrocellulose filter binding assay. A cellular poly(A)-binding protein was found in viral polymerase preparations, but was easily separated from the polymerase by chromatography on poly(A) Sepharose. Optimal conditions for the binding of purified polymerase (fraction 5-PAS) to ^P-labeled poliovirion RNA were determined. The binding of purified polynerase to "p-labeled ribohomopolyneric RNAs was examined, and the order of binding observed was poly(G) >» poly(U) > poly(C) > poly (A) . In competitive binding studies, the polymerase bound with equal efficiency to virion RNA and to a subgenomic transcript which contained the 3' end of the genome. The polymerase bound to 18S ribosomal RNA and to globin mRNA equally well, but with a five-fold lower affinity than to virus-specific RNAs. The results suggest that the polymerase exhibits sequence specificity in binding and that polymerase binding sites in poliovirus RNA may contain (G-and/or U)-rich sequences.
INTRODUCTION
The poliovirus genome is a single strand of positive sense RNA which replicates in the cytoplasm of infected cells (1) . Virion RNA contains a poly(A) tract of 75 to 100 residues at its 3' end (2, 3, 4) , most or all of which is coded by a poly(U) sequence in the minus strand RNA (5, 6, 7, 8) . A small virus-specific protein, VPg (protein 3B), is linked to the 5' end of virion RNA and to the (+)-and (-)-strands of dsRNA and repllcative Intermediate RNA (9, 10, 11) . Poliovirus RNA replication requires a virusspecific RNA-dependent RNA polymerase (replicase). A single virus-specific protein (3DP°^) copurifies with polymerase activity isolated from cytoplasmic extracts of infected cells (12) . The purified polymerase copies a number of homopolymerlc and heteropolymeric RNA templates and requires an oligonucleotlde primer to initiate RNA synthesis in vitro (13, 14) . Several different "host factor" preparations have been reported which stimulate the initiation of RNA synthesis by the polymerase in the absence of added primer (15, 16, 17, 18 ). The precise mechanism of action and the role of the different host factor activities in viral replication in viy£ have not yet been determined, nor has the exact nature of the interactions between the polynerase and its templates, priners, and host factor proteins.
The best studied RNA-dependent RNA polymerase is that encoded by bacteriophage Qfi (reviewed in references 19 and 20) . The active replicase is a complex of one viral protein and three cellular proteins. An additional cellular protein, known as host factor, is required for in vitro replication of Q0 RKA. The Qfi replicase binds to Qfi RNA about tenfold more tightly than to nonhomologous RNAs. The replicase interacts with two internal binding sites and with a C-rich sequence at the 3' end of Qfi RNA, apparently relying more upon RNA structure than sequence for recognition. The Qfi replicase-host factor complex exhibits a high degree of specificity for Qfi RNA templates.
Under certain conditions, however, the template specificity of the replicase is significantly reduced. In the presence of an oligonucleotide primer, the specificity of initiation is entirely bypassed and the replicase will efficiently copy nonhomologous RNAs. This is similar to the elongation activity observed with the poliovirus polymerase on different templates in the presence of oligonucleotide primers.
Only limited Information is available on sequence recognition signals for RNA-dependent RNA polymerases of eucaryotic viruses. A 3'-terminal 134-nucleotlde sequence with a tRNA-like structure in brome mosaic virus RNA was recently shown to have a very important role in template recognition by its viral polymerase (21) . Genetic studies with poliovirus suggest that 3'-terninal sequences in both the (+)-and (-)-strand RNAs are required for RNA replication (22, 23) . To initiate RNA synthesis, the poliovirus polymerase must bind to the template RNA, perhaps at very specific sites. Thus, it is important to determine whether specific sequence signals exist in poliovirus RNA which are required for polymerase binding and replication. This paper reports the Initial results from our studies on polymerase binding to virion and ribohomopolymeric RNAs. A specific filter binding assay and the relative association constants for polymerase binding to ribohomopolymers are described.
MATERIALS AND METHODS
Enzymes and reagents T4 RNA ligase, T4 polynucleotide kinase, bacterial alkaline phosphatase, Klenow fragment of £. £o_li DNA polymerase I, SP6 RNA polynerase, and rabbit globln mRNA were purchased from Bethesda Research Laboratories, Galthersburg, Md. Rlbonucleic acid horaopolymers were from Pharmacia P-L Blochemicals, Inc., Piscataway, N.J. The ribohomopolymers were heterogeneous in size as determined by polyacrylamide gel electrophoresls and therefore, concentrations were expressed as /jg/ml. All P-and H-labeled ribonucleoside triphosphates were purchased from Amersham Corp., Arlington Heights, II.
Cell culture
HeLa cells were maintained in suspension culture and infected with poliovirus type 1 (Mahoney strain) as previously described (24) .
Purification and labeling of pollovlrlon RNA Poliovlrion RNA was isolated from infected cells as described (25) .
Virion RNA was labeled at the 3' end using T4 RNA ligase and [ RNA binding activity was measured as described below. Since RNA-dependent RNA polymerase activity was not present in the uninfected extracts, the fractions which normally contain polymerase activity were selected at each purification step for the isolation of the control extract. With the control extract, however, poly(A) was a very strong inhibitor, and the other ribohomopolymers had little or no effect (data not shown). Thus, Che cellular binding activity was very specific for poly(A) and was distinct from the binding activity observed with the viral polymerase. (Fig. 2) . In contrast, the peak of RNA binding activity in the polymerase eluted from the colunm at 70 mM KC1 along with the peak of polymerase elongation activity (Fig. 2) . The trailing shoulder of RNA binding activity in the polymerase appeared to represent the contaminating cellular binding activity. The peak colunm fractions (i.e., (Fig. 3) . At 200 mM KCI, the binding activity was reduced by about 50% (Fig. 3) . This concentration of KCI, however, will totally inhibit polymerase elongation activity on virion RNA (13). This suggests that the inhibition of polymerase activity by added KCI can be explained only in part by decreased template binding. The requirement for Mg +2 in the RNA binding assay was determined by increasing the MgCl2 concentration from 0-16 mM (Fig. 4) binding activity was observed In the absence of any added MgCl2, but optimal binding was achieved at 7 mM MgCl2. This concentration of Mg +^ also gave maximum elongation rates on virion RNA in vitro (32) . Addition of EDTA to 1 mM In the absence of added Mg +^ had no effect on binding (data not shown).
The addition of 10 mM dithlothreitol to a standard binding reaction had no effect, and as expected the addition of 0.1% SDS blocked all binding.
Specificity of polvmerase binding to rlbohomopolvmers
The binding specificity of fraction 5-PAS polymerase to labeled ribohonopolymers was determined using the filter binding assay. Increasing amounts of each labeled ribohomopolymer were added to the polymerase under the optimal binding conditions determined above. The polymerase showed a high degree of specificity for binding poly(G) (Fig. 5A) . A reduced but significant amount of binding was also observed with poly(U) and poly (C) (Fig 5B) . Ho detectable binding was observed with poly(A) at the concentrations tested (Fig 5B) . Thus, the overall order of binding was Table 1 were determined at 6 -0.5 for each ribohomopolymer.
determined 6 as a function of competitor RNA concentration in the binding reaction (Fig. 6) . Values of C^ were determined for each competitor RNA at -0.5 ln Fig. 6 (Fig. 5) .
Competitive binding curves using viral and nonvlral RNAs
The binding of polymerase to poliovirlon RNA, a subgenomic poliovirusspecific transcript RNA, and to nonvlral RNAs (HeLa 18S ribosomal RNA and rabbit globin mRNA) was measured using the competitive binding assay ( figure   7 ). In a separate study, the K a for virion RNA was determined to be 1 x 10M "^ (27) . Based on this value, the K a values for the competitors were terminal uridylyl transferase host factor (16) or a VPg-pUpU primer (34, 35) are other possibilities.
In the binding studies with ribohomopolymers, the polynerase exhibited a high degree of specificity for binding poly(G) relative to poly(C) and for binding poly(U) relative to poly(A). These results were consistent with the data from competitive binding experiments with labeled virion RNA and unlabeled ribohomopolymers. The value of the association constant, K a , for polymerase binding to poly(G) was 36 times the value for binding to poly(C).
Likewise, the K a for binding poly(U) was 17 times the value for binding to poly(A). In our past studies where polymerase activity was measured using ribohomopolymerlc template:primers, we found high levels of activity with poly(A):oligo(U) and poly(C):ollgo(G), a five-fold lower level of activity with poly(U):oligo(A) and essentially no activity with poly(G):oligo(C) (14, 36) . Taken together, our data suggest that preferential binding of the polymerase to the primer correlates with high levels of RNA synthesis, whereas tight binding to the template correlates with very low levels of synthesis. A high binding affinity between the polyraerase and the template may slow the movement of the polymerase on the template and inhibit RNA synthesis. A similar idea was previously proposed for AMV reverse transcriptase based on a correlation between low levels of DNA synthesis and high binding affinities for template:primers (37) .
The polynerase binds with about equal efficiency to vlrion RNA and to a subgenomic transcript which contains the 3' end. The polymerase binds to 18S
RNA and to globln mRNA equally well, but with a five-fold lower affinity than to virus-specific RNAs. Thus, there appears to be a significant difference between polymerase binding to pollovirion RNA and to these two nonviral RNAs. 
